matching the activation time course of the pulse currents (-r 40 ms) and an additional slower component with a voltage-dependent time course that had no kinetic counterpart in the pulse currents (r~150-600 ms). 5. Both pulse and tail currents were blocked by the dihydropyridine, PN200-1 10, suggesting that they represent Ca2+ channels of the L-type. 6. We suggest the presence of at least two subsets of dihydropyridine-sensitive Ca2+ channels in skeletal muscle cells. One subset has classical L-type channel characteristics and the other has anomalous gating behaviour that is 'activated' or 'primed' by strong and long-lasting depolarizations without conducting significant Ca2+ current -however, upon repolarization, this subset of channels generates large tail currents.
The functional role of dihydropyridine receptors (DHPRs) in skeletal muscle is not entirely understood (Rios & Pizarro, 1991; Lamb, 1992) . It is thought that DHPRs can function as both voltage-activated calcium channels and voltage sensors mediating depolarization-induced calcium release from the sarcoplasmic reticulum (Schneider & Chandler, 1973; Melzer, Schneider, Simon & Szucs, 1986; Rios & Brum, 1987) . Concerning skeletal muscle cells, there is some debate as to whether there is a discrepancy between dihydropyridine binding sites and conducting ion channels (reviewed by Lamb & Walsh, 1987) . The sarcolemma of mammalian skeletal muscle expresses voltage-dependent, 'slow' L-type Ca2P channels with activation time constants around 50 ms (Donaldson & Beam, 1983; Beam, Knudson & Powell, 1986; Cognard, Lazdunski & Romey, 1986) . Calcium influx through these DHP-sensitive channels does not seem necessary for inducing calcium release from the sarcoplasmic reticulum (SR) (Armstrong, Bezanilla & Horowicz, 1972) . Rather, it has been suggested that DHPRs operate as voltage sensors and in some way cause depolarization-induced calcium release (DICR) from the SR (Schneider & Chandler, 1973; Melzer et al. 1986 ; Rios & Brum, 1987 
METHODS
Rat skeletal myoballs were prepared from newborn rats (2-5 days old) essentially as described by Beam et al. (1986) . Briefly Figure 1B plots the mean current-voltage relationship of pulse currents (measured during the last 10 % of each test pulse; n = 3) and the peak amplitude of tail currents for a test-pulse length of 50 ms. The plot reveals the typical behaviour of high -voltage-activated CaW+ channels with inward currents activating at about -30 mV, peaking around +10 mV and reversing at about +50 mV. The tail currents activate in parallel with the pulse currents but there seems to be a further increase at very depolarized potentials. This is even more striking in Fig. 1C , which illustrates pulse and tail current amplitudes for depolarization lengths of 600 ms. It is obvious that the current amplitudes of the tail currents were considerably increased with longer test-pulse durations, particularly for depolarizations beyond +10 mV. It is also seen that the apparent midpoint of tail current activation shifted to the left ( V = +34 +1P7 mV; n = 10; Fig. 1C ). But even for 600 ms depolarizations it was still almost 40 mV more positive than the activation midpoint of the I-V curve (V% = -1 + 2 mV; n = 10; Fig. 1 C) 
pulse potentials equal to or above +20 mV (Figs 2, 3A and 3B), as the tail current amplitudes continued to rise long after the pulse currents had peaked. For a direct comparison, Fig. 3C superimposes an averaged calcium current record elicited by a test pulse to +40 mV (n = 5) with the time course of the respective tail current amplitudes, both normalized to peak and plotted versus time. At this potential, there is still inward current during the depolarization and anomalous tails are already pronounced, and it is obvious that pulse and tail currents display very different time courses. Close inspection of the activation kinetics of tail currents at +40 mV revealed a biexponential time course with time constants rl and T2. The first time constant, rl, approximated 42 + 5 ms (n = 5), which is in agreement with the time constant for the respective pulse current at +40 mV, (Tp = 42 + 9 ms). Still, the major time course of the tail current was characterized by an activation time constant that was about 7-fold slower (T2 = 270 + 22 ms). Occasionally, a very fast activation process peaking within 10 ms could be resolved in the pulse currents but not the tail currents. This current was usually quite small and not further investigated as it presumably corresponds to a fast Ca2+ current, which has been described earlier (Beam et al. 1986; ).
The voltage dependence of the activation time constants of pulse and tail currents is illustrated in Fig. 3D (Beam et al. 1986; Cognard, Romey, Galizzi, Fosset & Lazdunski, 1986; Beam & Knudson, 1988) Trn-II +20 mV Fig. 3E , in which the inactivation time constants are plotted as a function of voltage. It is seen that inactivation is most prominent at potentials around the peak of the I-V curve, whereas at higher potentials (where less Ca2+ influx occurs), inactivation time constants increase. At potentials below 0 mV and above +40 mV, we did not observe any inactivation within the range of pulse durations applied (see e.g. Figs Tp and T1 show no statistical differences, whereas both rp and T, are significantly different when compared withT2, with P < 0 03. E, the mean time course of pulse-current inactivation plotted as a function of testpulse potential (n = 3). (Fig. 4A ) and 600 ins duration (Fig. 4B) . For short depolarizations of 50 ins, we would expect that at least 70% of the classical L-type channels are activated and contribute to the tails. (Although based on the activation time constant of -150 ms for anomalous tails at +80 mV, there might be some overlap (-30 %) even for short depolarizations.) Nevertheless, when comparing the tail current amplitudes of short and long test pulses (Fig. 4C) , it is seen that repolarization to more negative potentials yields progressively larger tail currents following the longer depolarizations. Thus, at negative repolarizing potentials, the tail current amplitudes following 600 ms depolarizations are about 3-fold larger than the expected from the pulse currents, bearing in mind that we are likely to have underestimated the amplitude of tail currents due to clamp-speed limitations. This relationship might give a rough estimate of the ratio of anomalous versus normal' Ca2± channels (see Discussion).
Could the anomalous tail current component be attributable to a modal gating behaviour of Ca2P channels? Such modal gating has been observed in cardiac cells, where strong and prolonged depolarizations altered the open probability of L-type Ca2P channels (Pietrobon & Hess, 1990) . Although this type of modal gating has not yet been demonstrated for skeletal muscle Ca2P channels, if it were present, it might explain anomalous tail current behaviour in the context of an increased open probability of 'normal' Ca2+ channels. Figure 4D superimposes and compares the amplitude of the Ca2+ current evoked by a simple depolarizing voltage pulse to +30 mV and the amplitude of the Ca2P current at this potential following a long-lasting prepulse to +80 mV for 600 ms. If the prepulse had altered the open probability of Ca2+ channels one would expect a larger current amplitude following the prepulse. However, the fact that the prepulse did not significantly increase the amplitude of the inward current recorded at +30 mV
suggests that the open probability of skeletal muscle Ca2P channels is not modified by strong and long-lasting depolarizations and that modal gating is not likely to be manifest under our experimental conditions.
As evident from the current records in Fig. 4A and B, the time course of decay of tail currents was slow at positive potentials but became progressively faster at more negative repolarizing potentials. We have not attempted a detailed quantitative analysis of the decay kinetics of tail currents in this study, since many cells showed complex and variable deactivation kinetics, presumably due to the combined effects of imperfect voltage control, the large amplitudes of tail currents, and Ca2 -dependent inactivation. However, we have succeeded in obtaining data from a few cells with small capacitance and low series resistance (mean capacitance, 22X8 + 2-1 pF; mean Rs, 3-6 + 0G4 MQ; n = 5) yielding clamp speeds around 80 Its and maximal voltage errors belowr 12 mV (mean peak tail current, 3.3 nA). Figure 5 illustrates the decay of tail currents in such small cells. In Fig. 5A and B, the tail currents were obtained by repolarizations to -70 mV, activated by short (50 ms) or long (600 ms) depolarizations to +80 mV. At such negative repolarization potentials, the decay phase was very rapid for both depolarization protocols. The time constants were largely accounted for by a single exponential with time constants of 1P3 + 0 3 ms for short depolarizations and 3 + 2 ms for long depolarizations.
There was a minor slow component, whose amplitude was on average less than 10 % of the total tail current amplitude.
It has been suggested that a slowing of deactivation might account for an apparent increase in tail currents (Nakayama & Brading, 1993a) . Although our experiments indeed revealed a slowing of deactivation with prolonged depolarizations, this effect is certainly too small to account for a 3-fold increase in tail current amplitude. As stated above, the experimental conditions provided clamp speeds of 80 ,ts and we measured a tail current deactivation time constant of 1P3 ms following short depolarizations. Based on these premises, a theoretical bi-exponential fit would predict the size of the measured peak tail current to resolve about 80% of the true peak tail current amplitude. Assuming the same maximal tail current amplitude, a slower deactivation of 3 ms (as measured following longer depolarizations) would indeed allow a better resolution of the measured tail currents and yield about 90 % of the true peak current. However, this difference is not substantial and would only produce an apparent increase in tail current amplitude of less than 15%. Furthermore, this apparent increase is more likely to be counteracted by the voltage error of about 10 mV which inevitably occurs when tail currents become very large, as is the case for long depolarizations. In fact, we assume that this effect will attenuate tail currents following long depolarizations more than will the faster deactivation following short depolarizations.
In order to minimize the inaccuracies involved in fast tail current kinetics, we took advantage of the fact that deactivation kinetics of tail currents are very much slowed by less negative repolarizations (see Fig. 4A and B) . Figure 5C illustrates typical examples of tail currents evoked by repolarizations to -30 mV following 600 ms prepulses to various potentials. It is seen that the decay of these tail currents exhibited primarily a slow time course, -which allows for a rather accurate assessment of the tail current amplitudes. In three cells, the predominant slow component had a time constant of 20-30 ms. At moderate depolarizations, there was also a discernible albeit small 'fast' component that had a mean time constant of 3-7 ms. With stronger depolarizations, however, this component submerged in the large amplitude increase of the slow component. The mean tail current amplitudes of five cells measured at repolarizing potentials of -30 mV as a function of the depolarizing prepulse of 600 ms are shown in Fig. 5D . For comparison, a plot of the tail current amplitudes for shorter depolarizations of 50 ms is also shown (rn = 3).
Thus, even under conditions of slow deactivation, there was a time-dependent increase in the tail currents when subjecting the cells to depolarizing voltage pulses of +80 mV for increasing durations and subsequent repolarization to -30 mV. As seen in the example of Fig. 5E , the deactivation behaviour of the tail currents was similar to that described above (cf. Fig. 5C ). There was a large increase in the tail current amplitude with longer depolarizations due to the augmentation of a slowly deactivating tail current component. The mean time course of the peak tail current amplitude of five cells is plotted in Fig. 5F, which A, superimposed tail currents from the same cell evoked by repolarization to -70 mV following depolarizations to +80 mV for 50 ms (left ordinate) and 600 ms (right ordinate). B, same as A on an expanded time scale. C, superimposed tail currents evoked repolarization to -30 mV following 600 ms test pulses to variable potentials. D, mean activation curves of tail currents recorded at repolarization potentials of -30 mV following depolarizing pulses to +80 mV for durations of 50 ms (0; n = 3) or 600 ms (0; n = 5). Data points were measured as described in Fig. 1 B. E, superimposed tail currents evoked by repolarization to -30 mV following depolarizations to +80 mV with exponentially increasing durations. Same cell as in C. F, mean Itai,, measured as peak current and plotted versus test-pulse length (n = 5). Repolarization potential was -30 mV. conditioning pulse of 5 s duration to variable potentials was followed by a 50 ms test pulse to +10 mV. The long conditioning pulse was designed to accomplish steady-state inactivation and the subsequent pulse to +10 mV was aimed at testing the degree of pulse-current inactivation. Superimposed records of three pulse currents evoked by the test pulse following conditioning pulses to -80, -20 and +80 mV are illustrated in Fig. 6A and the mean pulsecurrent amplitudes of three cells subjected to a wide range of conditioning pulses is depicted in Fig. 6C . The resulting steady-state inactivation curve was U-shaped. The U-shaped inactivation curve of pulse currents supports our previous conclusion that most of the inactivation (albeit incomplete) is likely to be due to Ca2+-induced inactivation.
At very positive conditioning pulses, pulse-current amplitudes were slightly larger than at hyperpolarized Pulse potential (mV) +80 mV Figure 6 . Steady-state inactivation of Ic. and Itail A, superimposed current records evoked by repolarization to +10 mV following variable conditioning prepulses of 5 s duration to the indicated potentials. B, superimposed data traces evoked by repolarization to -70 mV following a test pulse to +80 mV and 50 ms durations, which was preceded by variable conditioning prepulses of 5 s duration to the indicated potentials. Same cell as in A. C, superimposed steady-state inactivation curve of pulse (0; n = 3) and tail currents (0; n = 5) plotted as a function of conditioning potential. Mean pulse-current amplitudes were measured at +10 mV during the last 10% of the 50 ms test pulse and normalized to the current obtained at +80 mV. Mean tail currents were measured as peak amplitudes at -70 mV and normalized to the tail current measured at -100 mV. on the activation kinetics of the fast tail current component), but without causing too strong an activation of the slower anomalous tails. The resulting tail currents were measured at -70 mV and examples of such tail currents are depicted in Fig. 6B for various conditioning pulses (-80, -20 and +80 mV) . Similar to the pulse currents, tail current amplitudes were decreased following conditioning depolarizations below -30 mV. Depolarizations beyond this potential did not further reduce the tail currents, but progressively increased tail current amplitudes up to at least 3-fold above the control level. The fact that tail currents can increase several-fold beyond the control levels further strengthens the argument that strong depolarizations recruit anomalous Ca2+ channels which give rise to excessive tail currents. It is notable that the bellshaped curve of the tail currents has its minimum shifted to more negative values than the pulse-current curve. This is presumably due to the activation of anomalous tail currents at potentials around -10 mV, which start to overcome the Ca2+-induced inactivation of the 'normal' tail currents associated with the classical L-type channels activated during the pulse. Blocking effects of dihydropyridines Neuronal and skeletal muscle L-type Ca2+ channels are potently blocked by dihydropyridines (DHPs) Porzig, 1990) . In myoballs, the Ca2P channel antagonist PN200-110 completely blocked both pulse and tail currents at 1 ,UM concentration (n = 3, data not shown),
suggesting that both slow Ca2+ currents as well as anomalous tail currents are sensitive to DHPs. Suppression of Ca2+ currents by DHPs is known to be voltage dependent and expected to be more effective at positive potentials (Bean, 1984) . Application of lower concentrations of PN200-110 revealed this well-known voltage dependence of DHP block. Figure 7A and B plots the mean current-voltage relationship of pulse currents and the corresponding tail currents (n = 3) before and 5 min after application of 100 nm PN200-110 (5 min being the time required to achieve steady-state block). This concentration of PN200-110 reduced both peak pulse currents and tail currents by 20-60 % in a voltage-dependent manner. Figure 7C illustrates the similarity in the degree of block obtained at the various potentials for both pulse and tail
currents. This provides evidence that the slow Ca2+ currents Test-pulse potential (mV) One would have to argue that the determination of the true activation time course of pulse currents is compromised by the simultaneously occurring inactivation, which curtails the ongoing activation and yields apparently fast activation kinetics. This is highly unlikely, since under our experimental conditions (20 mm intracellular EGTA) inactivation of pulse currents is rather small and slow (time constants > 500 ms). Furthermore, there seems to be little if any inactivation at potentials more positive than +40 mV (see e.g. Figs 1 and 3) , which is the voltage at which the anomalous tail currents become very prominent. Outward currents at these positive potentials are almost certainly through Ca2P channels (presumably carried by Cs+ ions), since they are blocked by DHPs (see Fig. 7 ), and it is likely that the observed fast time course of these outward currents truly reflects rapid and mono-exponential activation kinetics. Additional evidence for rather fast activation of pulse currents comes from the fact that tail currents clearly exhibit two activation components, one of which closely matches the activation time course of the pulse currents. Together, this argues against an apparent speeding of the activation of pulse currents by inactivation and suggests that tail currents accurately reflect the activation of tails corresponding to the pulse currents with an additional component that is significantly slower, but does not have a kinetic counterpart in the pulse currents. (Fisher, Gray & Johnston, 1990; Slesinger & Lansman, 1991; Forti & Pietrobon, 1993) , where the phenomenon has been interpreted as resulting from an altered gating mode of classical DHP-sensitive L-type Ca2P channels (Forti & Pietrobon, 1993) or by transitions of deactivated channels through an open state before returning to the closed state (Fisher et at. 1990; Slesinger & Lansman, 1991 (Fisher et al. 1990; Slesinger & Lansman, 1991; Forti & Pietrobon, 1993) . In cardiac myocytes, strong and long-lasting depolarizations drive L-type Ca2P channels into a mode of gating that is characterized by long openings and high open probability (Pietrobon & Hess, 1990 Fig. 5 ), we still observed a large increase in the amplitude of tail currents by strong depolarizations and/or prolonged depolarizations. Under these conditions, in which deactivation kinetics do not compromise an accurate assessment of tail current amplitudes, it is very clear that the already slow deactivation kinetics are not grossly altered but that it is mainly the amplitude that is increased (by at least 3-fold). Since our data cannot easily be incorporated in the schemes of known gating behaviours of L-type Ca2+ channels, we would like to consider the following, admittedly speculative, interpretations for the excessive tail currents.
(1) Anomalous permeation properties: one could assume a normal open probability during depolarizations but the absence of current might result from a tight binding and co-ordination of Ca2+ ions in the channel pore that would prevent permeation at positive potentials. A 'punch through' of the trapped Ca2+ ion during repolarization might then cause permeation through the channels.
(2) Permeation block: here, the permeation of Ca2+ is not impaired by the Ca2+ ion per se, but through a 'blocking particle' of unknown nature that prevents Ca2+ influx during depolarization, presumably from the cytosolic side. Upon repolarization, we must assume a rapid unblock that allows tail current flow. An attractive candidate for such a 'blocking particle' is the ryanodine receptor, which is thought to interact with DHP receptors during excitation-contraction (E-C) coupling. At present we do currents are also capable of carrying inward current under certain circumstances, in which case they might behave like 'normal' Ca2+ channels. In this context it is noteworthy that L-type Ca2+ channels in skeletal muscle are subject to facilitation by voltage-and frequency-dependent processes, apparently mediated by cAMP-dependent phosphorylation (Sculptoreanu, Scheuer & Catterall, 1993 (Lamb & Walsh, 1987) indicates that there still might be 'silent' channels albeit not as abundant as originally suggested. Presuming a homogeneous Ca2+ channel population, we estimated the theoretical conductance of the tail currents to be 6-6 nS (extrapolated from the 9max of the I-V fit and assuming linear conductance for Ca2+ channels at negative potentials; Fig. 4C ). However, the measured tail current conductance after 600 ms of depolarization was 20 nS (Fig. 4C) (Block, Imagawa, Campbell & Franzini-Armstrong, 1988) and to the observation that calcium release seems to be controlled by the movement of four identical charged units (Simon & Hill, 1992) . On the other hand, the striking coincidence of the rather slow activation of anomalous tail currents with the time course of the recently described phenomenon of 
